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Correlation of hypoxia status with radiosensitizing effects
of sodium glycididazole: A preclinical study
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Abstract. The correlation of pretreatment hypoxia status with
the radiosensitization effect of sodium glycididazole (CMNa)
was not previously defined. The purpose of the present study
was to evaluate the tumor hypoxia status in various cancer
xenografts and to investigate the correlation between tumor
hypoxia status and radiosensitizing effects of CMNa based
on the pharmacokinetic and pharmacodynamic parameters.
Human esophageal cancer (EC109), head and neck cancer
(FaDu) and lung cancer (A549) nude mice xenografts were used.
The concentrations of CMNa and its metabolites in the tumors
and normal tissues were determined by high-performance
liquid chromatography following intravenous injection of 171.9,
57.3 or 19.1 mg/kg CMNa. The tumors were irradiated with
30 Gy in 6 fractions with CMNa administration prior to each
irradiation. The tumor growth delay values were calculated
for each treatment group and compared with groups treated
with radiation alone. Tumor hypoxia status was verified by
immunohistostaining of tissues for hypoxia inducible factor la
(HIF-1a) staining, and the concentration of plasma osteopontin
(OPN) was determined using ELISA. The correlation between
OPN concentration and tumor growth delay was subsequently
analyzed. It was observed that the drug concentration in
the tumor was 1.6-2.8 times higher compared with adjacent
muscle, particularly at high and medium doses. CMNa was
able to sensitize tumors to irradiation, particularly for EC109
and FaDu xenografts at high dose (P<0.05). Furthermore,
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there was markedly increased expression of HIF-la and
plasma OPN levels in FaDu and EC109 xenografts compared
with A549. Additionally, it was indicated that pretreatment
hypoxia status might be correlated with the radiosensitizing
effects of CMNa. The present data demonstrated that tumor
hypoxia status might be correlated with the radiosensitizing
effects of CMNa in different tumor models.

Introduction

It is well established that human solid tumors frequently
contain a substantial fraction of hypoxic cells. Hypoxia is a
direct cause of resistance to radiotherapy and the majority of
chemotherapeutic agents (1). In addition, hypoxia can lead to
a more aggressive tumor phenotype (2). It has been demon-
strated that the presence of measurable hypoxia is associated
with poor outcome in many types of tumor (3-5). Since the mid
1970's, clinical research in overcoming tumor hypoxia was
mainly focus on the use of nitroimidazoles and its derivatives
as hypoxic cell sensitizers (6,7). Several compounds have been
developed for hypoxia detection (misonidazole and pimonida-
zole) and radiosensitization (etanidazole and nimorazole) in
clinical settings (8.,9).

The randomized double-blind phase II study (DAHANCA
5 trial) demonstrated that nimorazole significantly improved
the effect of radiotherapy for head and neck carcinoma (10).
However, the randomized multicenter study of nimorazole
concomitant with accelerated radiotherapy in head and neck
squamous cell carcinoma was incomplete, and the number
of patients involved in the study was small. Nevertheless,
the results suggested an improvement in loco-regional tumor
control and overall survival with given nimorazole in addition
to accelerated fractionation radiation therapy (8).

Hypoxic radiosensitizers have also been successfully deve-
loped in China. Sodium glycididazole (C,sH,,N,NaO,,3H,0;
also called CMNa) was approved by the China Food and Drug
Administration (11). Preliminary study indicated that CMNa
was able to improve short-term locoregional control and was
well tolerated in patients with locoregionally advanced laryn-
geal cancer (12). The phase II randomized trial demonstrated
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that CMNa was able to improve curative effects without
increasing adverse side effects when treating patients with
locally advanced nasopharyngeal carcinoma (13).

Ample data exist to support a high level of evidence for
the benefit of hypoxic modification (5-15). However, hypoxic
modification remains to have less impact on general clinical
practice (16). One of main reason for this is the difficulty in
detecting clinical status of tumor hypoxia and its correla-
tion with the radiosensitizing effect of the target agent.
Retrospective analysis of DAHANCA 5 trial also revealed
that high concentrations of plasma osteopontin (OPN) might
be useful in identifying patients who would benefit from modi-
fication of hypoxia (17). However, Lim et al (18) reported that
high plasma OPN levels were not predictive of benefit with
hypoxic cell cytotoxin, tirapazamine (TPZ). However, the
correlation of pretreatment hypoxia status with radiosensitiza-
tion effects was not defined in the study.

In the present study, the pharmacokinetics and pharmaco-
dynamics of CMNa in different human cancer xenografts were
evaluated, and whether tumor hypoxia status is correlated with
the radiosensitizing effect of CMNa was investigated.

Materials and methods

Drug and chemicals. CMNa and its main metabolite, metro-
nidazole, were provided by Luye Pharmaceutical Co., Ltd
(Yantai, Shandong, China). Analytical grade methanol, aceto-
nitrile and oxamide were purchased from Zhaoshang Industry
and Trade Ltd. (Shanghai, China). CMNa was dissolved in
saline (0.9% NaCl) to the required concentration and stored at
4°C in the dark for subsequent experiments.

Cell culture. Human esophageal carcinoma cell EC-109, lung
carcinoma cell A549, and squamous cell FaDu were purchased
from the Chinese Academy of Sciences, Shanghai Institute
of Cell Bank (Shanghai, China) and cultured in Dulbecco's
modified Eagle's medium (DMEM, Gibco; Thermo Fisher
Scientific, Inc., Waltham, MA, USA) supplemented with
10% fetal bovine serum (Gibco; Thermo Fisher Scientific,
Inc.) and penicillin (100 U/ml) with streptomycin (100 pg/ml).
Cultures were kept in a humidified atmosphere of 95% air and
5% CO, incubator at 37°C.

Animal xenograft. The female mice (nu/nu, 18-22 g; 4-6 weeks
old) were obtained from Huafukang Biotechnology Co.,
Ltd., (Beijing, China). The total number of mice used was
500-600. Housing conditions were as follows: Sealed plastic
cage with air filter, no pathogen condition room, temperature
26-28°C, air laminar flow apparatus, 10 h light/14 h dark
cycle, sterilized food and water. All animal experimental
protocols were approved by the Institutional Animal
Experimentation Committee of Shandong Cancer Hospital
(Shandong, China). Tumor xenografts were formed by
injecting 5x10° cells subcutaneously into the right hind legs
of the mice. Each tumor was measured with digital caliper in
three orthogonal dimensions (a, b and ¢). Tumor volume was
calculated as mabc/6. Experiments were performed when the
tumors reached a volume of ~500 mm? for the pharmacoki-
netics study, or a volume of ~150 mm? for the tumor growth
delay study.
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Blood sample preparation. CMNa solution (171.9, 57.3 or
19.1 mg/kg) was injected through the tail vein of the mice
bearing EC109 xenografts. The blood was collected from eye
vein under anesthesia at 0.5, 1, 2, 3, 4, 5, 10, 15, 30, 60, 120
and 240 min following injection (five or six animals were
used for each time point). The blood sample was mixed with
3% (v/v) sodium heparin immediately. Subsequently, 0.2 ml
acetonitrile was added and then centrifuged (25°C, 1,200 x g,
2-3 min). All steps were carried out under dark conditions.

Normal tissue and tumor sample preparation. Mice bearing
EC109, A549 or FaDu xenografts were injected through the
tail vein with CMNa (171.9, 57.3 or 19.1 mg/kg). Tissues
(tumor, muscle, heart, liver, spleen, lungs, kidneys, brain, bile
and intestine) of each mouse was rapidly excised following
sacrifice at 2, 5, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100,
110 and 120 min, respectively. The samples were washed
twice with 0.9% saline, wiped with filter paper, weighed
and homogenized with 0.9% saline to the same weight of
tissues. Homogenates were spiked with oxamide (0.2 ml) and
grinded. Following centrifugation for 2 min (25°C, 1,200 x g),
20 pul supernatant was injected into the high-performance
liquid chromatography (HPLC) system for analysis. All the
processes were performed rapidly in the dark. A total of five
animals were used for each time point.

HPLC. The HPLC system (Dionex; Thermo Fisher Scientific,
Inc.) consisted of a DGP-3600A pump, a VW-3100 detector
and a TCC-3000 column (4.6x250 mm; particle size, 5 ym).
The mobile phase consisted of a mixture of methanol and
ammonium oxalate solution 0.02 mol/l (40:60 v/v), and the
elution was performed at 30°C at a flow rate of 1.0 ml/min.
CMNa and its metabolites were detected using a UV detector
at 320 nm and quantified by peak area. The CMNa blood
concentration-time data were simulated using the 3p87 soft-
ware (Pharmacological Society of China, Beijing, China) and
fitted to a linear open two-compartment model.

Tumor irradiation and growth delay assay. The tumors
were irradiated under anesthesia using the X-ray irra-
diator (X-rad225Cx; National Instruments Corp, Austin,
TX, USA). A total of 30 Gy in 6 fractions (5 Gy every other
day) were delivered in 3 weeks. Tumor bearing mice were
injected intravenously with CMNa at a dose of 171.9, 57.3,
or 19.1 mg/kg 30 min prior to irradiation. The mice received
radiation alone, and those that were not treated were used as
the control. The relative tumor volume (RTV) was calculated
as RTV=Vt/V,, where Vt is the tumor volume at any given
time and V,, is the volume at the time of initial treatment. The
tumor growth time (TGT) was defined as the time required
following the first day of treatment for a tumor to reach twice
the initial volume, and the tumor growth delay time (TGDT)
was defined as the TGT in each treated mouse minus the
mean TGT in the control group. A total of six animals were
used in each group.

Plasma osteopontin concentration test. Prior to the start of
the first irradiation, the blood of tumor-bearing mice (50 ul)
was collected from the oculi rimae of mice. The plasma
samples were centrifuged at 300 x g and 25°C for 10 min and



Table I. Main pharmacokinetic parameters of CMNa.

CMNa (mg/kg)
Parameter 171.9 57.3 19.1
A 734.99 107.148 12011
o 0.906 1.131 2.367
B 0.01 19.504 2.544
§ 0.01 1.131 0.588
Vd/l/kg 0.234 0.452 1.312
C,/mg/l 466.79 71.27 5.575
T,,0, min 0.765 0.613 0.293
T, P, min 69.315 0.613 1.179
K10, min 0.602 0.663 1.04
K12, min™ 0.304 0.467 1.017
K21, min™ 0.01 1.131 0.899
AUC, mg/min 802.008 122.163 9
CL, min/kg 0.141 03 1.364

A, hybrid parameter; a, distribution rate constant; B, hybrid parameter;
B, Elimination rate constant; Vd, apparent volume of distribution;
C,.» maximum concentration; T1/2a., plasma half-life for distribution
phase; T1/2f, plasma half-life for elimination phase; K10, first-order
elimination rate constant; K12, transport rate constant from central
compartment to periphery compartment; K21, transport rate constant
from periphery compartment to central compartment; AUC, area under
the curve; CL, total body clearance; CMNa, sodium glycididazole.

supernatant (20 ul) was collected and stored. The concentra-
tion of OPN was quantified by ELISA using the OPN test kit
(JK0235; Meilian Biological Ltd., Shanghai, China) according
to the manufacturer's instructions.

Immunohistochemical staining of HIF-1a. Following exci-
sion, the tumors were fixed overnight (within 12 h at 25°C) in
10% formalin and embedded in paraffin blocks, from which
4 pum thick sections were prepared for immunohistochemical
staining. To analyze the expression of HIF-1a, the slides were
incubated with mouse monoclonal antibodies against HIF-1a
(WLO01607; OriGene Technologies, Inc., Beijing, China) and
secondary antibodies (IgG-horseradish peroxidase, WLA023;
Leica Biosystems Newcastle Ltd., Newcastle, UK) diluted with
PBS (29 g Na,HPO,, 3 g NaH,PO,, 85 g NaCl dissolved in
500 ml distilled water, fixed to 1,000 ml). Finally, the sections
were stained with hematoxylin (10 min) and eosin (1-3 min)
at room temperature. Ratios of positive HIF-1A staining and
intensity were compared among different groups. The degree
of staining score of positive cells was defined by counting
100 cells in the x20 field of view. The positive cell number
0-25,26-50, 51-75 and 76-100% was defined as (-), (+), (++) and
(+++), respectively.

Statistical analysis. Analyses were performed using the
Statistical Package for Social Sciences, (version 16.0; SPSS,
Chicago, IL, USA). Quantitative data are expressed as the
mean =+ standard error. Comparisons of histological param-
eters between groups were calculated using one-way analysis

Table II. Concentration of CMNa in normal tissues.

Time (min)

Concentration

(ng/ml)
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120

105

90

75

60

45

30

15

51.0+14.5
0.2+0.05
1.4+0.8

117.8+58.7 515.3+119.1 236.9+100.2 144.7+67.8 234.2+127.9 123.6+56.9

30.9+18.1

9.2+4.5
16.5+£8.5
29.1£11.5
12.2+5.6

2.1

224474

Bile

0.2+0.07
1.6+0.8

4.1+2.3

2.5+2.2
0.2+0.1

6.3+1.8
34+14
0.8+0.7
0.240.1

0.7+0.5 2.8+1.3 37+2.1
2.6x1.1

29+1.6

8.7+3.8
154+6.7

Intestinal
Liver

18.4+7.7
0.2+0.1
0.2+0.1

44.5+150
347.4+212.0

0.1+0.05
0.2+0.05
0.2+0.05
0.2+0.08
0.2+0.04

0.2+0.07
0.2+0.05
0.2+0.05
0.2+0.08
0.2+0.1

0.7+0.03
0.2+0.05
0.4+0.18

0.2+0.08
0.2+0.11
04+0.2
0.320.2

1.2£1.0

Kidney
Heart

0.2+0.05
0.2+0.03
0.2+0.04
0.2+0.04

0.2+0.09
0.2+0.06
0.3+0.2

2.1£0.9

34+1.4
4.6+1.6

0.2+0.04
0.2+0.1

0.2+0.04
0.2+0.03
0.2+0.05

1.8+1.5
29+23
0.2+0.1

Lung

0.2+0.04
0.2+0.08

Spleen
Brain

0.2+0.05

0.2+0.07

0.1+£0.02

Data are displayed as the mean =+ standard deviation. CMNa, sodium glycididazole.
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Figure 1. CMNa concentration in the tumors and adjacent muscle following intravenous injection of 171.9, 57.3 or 19.1 mg/kg CMNa in mice bearing (A) A549,
(B) FaDu or (C) EC109 xenografts. n=5 for each time point; CMNa, sodium glycididazole.

of variance followed by the Bonferroni post hoc test or the
Mann-Whitney U-test. A Pearson's correlation coefficient
and linear regression analysis were performed for analysis
of the tumor growth delay assay and OPN concentration.
All P-values were two-sided, and P<0.05 was considered to
indicate a statistically significant difference.

Results

Serum concentrations of CMNa and metabolites. The
chromatographic baseline characteristics of CMNa and its
main metabolite, metronidazole, were far apart, with reten-
tion times 6.5 and 4.4 min, respectively. No endogenous
components interfered the analysis. The linearity of the
calibration curve was determined with concentrations
in the range of 0.269-68.8 ng/ml with a regression equa-
tion Y=0.0923+4.2352X (r=0.9997, n=5). The inter-day
variation coefficients of CMNa were <10% overnight, and
the mean recovery was 88.1% for high concentration of
CMNa. CMNa was rapidly eliminated from the blood, and

the distribution half-life at three doses of CMNa were 0.765,
0.613 and 0.293 min, respectively. The relevant pharmacoki-
netic parameters were listed in Table I. The maximum CMNa
concentration in blood (C,,,,) and area under the curve (AUC)
values were directly proportional to doses, which indicates
first-order kinetics.

Distribution of CMNa in tumors and normal tissues. CMNa
was distributed into the peripheral compartment 2 min
following intravenous injection. A total of 5 min following
CMNa administration, it was possible to detect CMNa in
different organs (liver, intestine, kidney, lung, heart and brain),
tumor adjacent tissues (muscle), and the tumors. The concen-
tration of CMNa in the heart, liver, spleen, lungs, kidneys,
brain, bile and intestine at different time points following
intravenous administration determined by HPLC was listed
in Table II.

The concentration of CMNa immediately following intra-
venous administration in the kidney was the highest, followed
by intestinal, liver, heart, lung, spleen and brain tissues. A total
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Table III. Comparison of AUC values.
Tumor CMNa dose (mg/kg) Tumor (AUC) Muscle (AUC) P-value
A549 1719 9039.3+805.7 4979.7+£513.1 0.145
573 2631.7+£213.8 1303.6+139.8 0.034
19.1 192.7£25.6 128.7+20.6 0.397
EC109 171.9 10832.0+1505.1 6552.4+804 4 0.022
573 3306.7+423.0 1924.1+290.8 0.023
19.1 37524570 335.9+30.9 0415
FaDu 1719 4953.5+238.9 2607.2+111.8 0.068
573 3550.5+452.1 1550.7+49.6 0.032
19.1 632.9+70.5 468.2+65.9 0.339
Data are displayed as the mean + standard deviation. AUC, area under the curve; CMNa, sodium glycididazole.
Table I'V. Comparison of tumor growth delay time.
Tumor type Drug dose and treatment TGDT, mean =+ standard error (days) P-value
A549 RT alone 2.91+0.54 0.116
171.9 mg/kg; CMNa plus RT 4.46+1.73
57.3 mg/kg; CMNa plus RT 6.48+2.30
19.1 mg/kg; CMNa plus RT 3.76x1.40
EC109 RT alone 1.60+0.44 0.032
171.9 mg/kg; CMNa plus RT 3.12+0.80 vs. RT alone 0.033
57.3 mg/kg; CMNa plus RT 2.04+£0.41 vs. RT alone 0.604
19.1 mg/kg; CMNa plus RT 2.70+0.52 vs. RT alone 0.721
FaDu RT alone 2.99+0.30 0.007
171.9 mg/kg; CMNa plus RT 747+1.54 vs. RT alone 0.032
57.3 mg/kg; CMNa plus RT 5.10+1.73 vs. RT alone 0.095
19.1 mg/kg; CMNa plus RT 6.66+1.51 vs. RT alone 0.448

CMNa, sodium glycididazole; RT, radiotherapy; TGDT, tumor growth delay time.

of 15 min following CMNa administration, the drug concen-
tration significantly decreased and was very low in the kidney,
spleen, heart, lung and brain. It was possible to detect CMNa
again in intestinal and liver tissues approximately 60-80 min
following injection, and the concentration-time curves were
biphasic. After 120 min, CMNa was undetectable in intestinal
and liver tissues.

The levels of CMNa in the tumors were measured and
compared with adjacent muscle in different tumor xenografts
at high, medium and low doses of CMNa (Fig. 1). The AUC
of drug concentration curves was compared among different
tumor types and different drug groups. The results indicated
that the drug concentration in the tumors was 1.6-2.8 times
higher compared with muscle at the high and medium dose, but
not in the low dose groups (Table IIT). The concentration-time
curves of CMNa were biphasic, which were similar compared
with those in the liver and intestine (Table II). The concentra-
tion decreased of CMNa quickly following injection, increased
slightly at 60-80 min following injection and decreased to the
lowest afterwards.

Radiosensitizing effects of CMNa. The radiosensitizing effects
of CMNa were evaluated for three types of xenografts at three
dose levels. It was demonstrated that CMNa was able to sensi-
tize tumors to irradiation for all three cancer types (A549, FaDu
and EC109) at different doses (Fig. 2). Tumor growth delay
time (TGDT) was quantified and compared within the groups
(Table 1V). For EC109 and FaDu xenografts, TGDT in high
dose groups was significantly longer compared with TGDT
values in the irradiation control groups (P<0.05). However,
these were no statistical differences between medium, low dose
and irradiation control groups (P>0.05). For A549 xenografts,
no statistical differences were observed between high, medium,
low dose groups and irradiation control groups (P>0.05).

OPN concentration and tumor HIFI-o expression. Tumor
HIF1-a expression was evaluated by immunohistochemical
staining for three types of xenografts (n=5 for each type).
Markedly increased HIF1-a expression were detected in FaDu
(3+, 70%) and EC109 (2+~3+, 50%) xenografts compared with
A549 tumors (1+, 40%), as shown in Fig. 3.
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Figure 2. Tumor growth curves for mice bearing (A) A549, (B) FaDu or
(C) EC109 xenografts. n=6 for each group. CMNa, sodium glycididazole; RT,
radiation therapy. "P<0.05, 171.9 ng/ml CMNa+RT vs. RT groups in FaDu
and EC109 xenografts.

The median plasma concentration of OPN prior to the start of
radiotherapy was 59.08 ng/ml (23.09-111.04 ng/ml),60.33 pg/ml
(25.69-113.01 pg/ml) and 51.99 pg/ml (16.99-93.72 pg/ml) for
EC109, FaDu and A549 tumor-bearing mice, respectively.
The median OPN plasma level was used as a cut-off value. As
shown in Fig. 4, mice with high OPN plasma levels had a better
tumor local control after radiotherapy. However, the difference
was not statistically significant (P=0.10, 0.117 and 0.374 for
EC109, FaDu and A549, respectively).

Discussion

The novel hypoxic radiosensitizer, CMNa, has been approved
for use in combination with radiotherapy for the treatment of
nasopharyngeal cancer in China (10,11). Perspective trials for
lung cancer and esophageal cancer have also been performed
with encouraging results (19,20). However, experimental
data on CMNa, particularly on the in vivo pharmacokinetic
and pharmacodynamic parameters in different tumor models
were relatively limited. In the present preclinical study, it was
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confirmed that high doses of CMNa was able to sensitize
human cancer xenograft to irradiation, particularly for head
and neck cancer and esophageal cancer. The in vivo effects
of CMNa might be associated with high tumor/muscle
drug concentration ratio and high tumor hypoxia status (as
detected by immunostaining for HIF-1a) in xenograft models.
Furthermore, it was identified that plasma OPN concentra-
tion was correlated the radiosensitizing effect of CMNa in
these tumor xenografts. The present study provided useful
information to define optimal CMNa dose for personalizing
radiosensization in further translational studies in different
types of cancer.

Normal tissue toxicity of hypoxic radiosensitizing agents
require attention in the clinical setting. In previous clinical phase
I-III trials, the main side effects associated with the combination
of CMNa and radiotherapy or chemoradiotherapy included mild
gastrointestinal reactions (nausea, vomiting and constipation),
mild reversible increases in serum alanine aminotransferase and
bilirubin. Higher doses of CMNa and radiotherapy or chemora-
diotherapy can also result in changes in cardiac function and
electrocardiogram, including ST-T depression, arrhythmia and
palpitation (11,12,21). However, all the adverse effects were not
statistically different from the control group (11,12,21).

In present study, the distribution of levels of CMNa was
verified in normal tissues and in tumor xenografts. Similar
to a previous study (22), CMNa was eliminated quickly from
blood and other organs, including the brain, heart and kidney.
However, the concentration-time curves were biphasic in the
intestinal and liver tissues. This indirectly confirmed that
CMNa was excreted from the bile and re-absorbed from the
intestines to the liver (liver-intestinal circulation). From a
clinical point of view, this may lead to hepatotoxicity. Notably,
Liu et al (21) reported a case of grade IV aminotransferase
elevation in a trial for patients with nasopharyngeal carcinoma
receiving CMNa during radiotherapy. This suggests that liver
function should be monitored during CMNa administration,
particularly for patients with active hepatitis.

Similar to other hypoxia radiosensitizers, CMNa was
primarily investigated and clinically used in patients with
head and neck cancer (6,18). Clinical trials in esophageal
cancer and lung cancer have also been performed (19,20). In
present study, significant radiosensitizing effects of CMNa
were observed in xenografts of human head and neck, and
esophageal cancer, but not in lung cancer. This finding was
not surprising because greater intrinsic tumor hypoxia
was observed in FaDu and EC109 tumors (Fig. 4). More
importantly, mice blood OPN concentration may predict the
radiosensitizing effects of CMNa. Mice blood OPN concentra-
tion may provide novel information, to enable the selection of
patients for radiosensitizing based on tumor hypoxia condi-
tion, which had been retrospectively reported in randomized
trials. For example, in DAHANCA 5 trial, elevated plasma
OPN level was correlated with poorer disease-specific survival
and only patients with high OPN level were able to benefit
from nimorazole treatment (16). However, in another random-
ized trial, which investigated hypoxic cytotoxin TPZ, patient
plasma OPN levels were not correlated with tumor control and
survival (17). Le et al (23) evaluated 54 stage III-IV head and
neck squamous cell carcinoma patients and reported OPN
to be a hypoxia-regulated protein. Additionally, the levels
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Figure 3. Representative hypoxia-inducible factor la immunohistostaining
images for FaDu (+++), EC109 (++) and A549 (+) tumors. The positive cell
number 0-25, 26-50, 51-75 and 76-100% was defined as (-), (+), (++) and
(+++), respectively.

of plasma OPN were correlated with tumor pO, (23). The
present authors also observed the positive correlation between
tumor HIF-1 expression and OPN expression in esophageal
cancer patients and nude mice xenografts (unpublished data).
Therefore, further studies are required to define the correlation
between hypoxia parameters (plasma OPN, hypoxia images
and hypoxia gene expression profile) and the outcome of
radiosensitizing treatment.

The findings of the present pre-clinical study are valuable for
further clinical translational studies. Firstly, since only higher
dose of CMNa exhibited significant radiosensitization for head
and neck cancer, and esophageal cancer in the present study,
dose escalation clinical trials may be considered in further
studies. Secondly, in future clinical utilization, particularly
in dose escalation study, hepatotoxicity must be considered.
Finally, and most importantly, the hypoxia condition, either
baseline or its kinetics, should be tested using hypoxia imaging
or hypoxia-driven gene signatures/biomarkers (24,25). This
individualized radiosensitizing protocol should be developed
in future randomized trials.

There are some limitations in the present study. Firstly,
since CMNa has been previously tested during its early
development phase in vitro study (26), this was not repeated.
Secondly, it was not compared with other hypoxic radiosensi-
tizing agents. Finally, the tumor hypoxia conditions were only
tested by detecting the levels of plasma OPN and tissue HIF-1a
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Figure 4. Tumor growth delay assay (relative tumor volume) in high OPN
and low OPN groups for (A) A549, (B) FaDu or (C) EC109 xenografts. OPN,
plasma osteopontin.

expression and not verified by other approaches, including
hypoxia imaging or pimonidazole staining.

In summary, higher tumor CMNa drug concentration was
detected in different tumor models. It was observed that CMNa
was able to sensitize tumors to irradiation, particularly at high
does for the treatment of head and neck, and esophageal cancer.
Furthermore, the levels of tumor HIF-1a and serum OPN
concentration may be used to predict the radiosensitizing effects.
These findings might be useful for future translational studies.
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